Plant survival in many ecosystems requires tolerance of large radiation loads, unreliable water supply and suboptimal soil fertility. We hypothesized that increased production of neutral lipids (triacylglycerols, TAGs) in plant leaves is a mechanism for dissipating excess radiation energy. In a greenhouse experiment, we combined drought and shade treatments and examined responses among four species differing in life form, habitat, and droughtand shade-tolerance. We also present a lipid extraction protocol suitable for sclerophyllous leaves of native Australian trees (e.g. Acacia, Eucalyptus). Fluorescence measurements indicated that plants exposed to full sunlight experienced mild photoinhibition during our experiment. Accumulation of TAGs did not follow photosynthetic capacity, but instead, TAG concentration increased with non-photochemical quenching. This suggests that plants under oxidative stress may increase biosynthesis of TAGs. Moderate drought stress resulted in a 60% reduction in TAG concentration in wheat (Triticum aestivum). Shading had no effect on TAGs, but increased concentrations of polar lipids in leaves; for example, acclimation to shade in Austrodanthonia spp., a native Australian grass, resulted in a 60% increase in associated polar lipids and higher foliar chlorophyll concentrations. Shading also reduced the digalactosyldiacylglycerol:monogalactosyldiacylglycerol (DGDG:MGDG) ratio in leaves, with a corresponding increase in the degree of unsaturation and thus fluidity of thylakoid membranes of chloroplasts. Our results suggest that prevention of photodamage may be coordinated with accumulation of TAGs, although further research is required to determine if TAGs serve a photoprotective function in plant leaves.
Introduction
Increased ability to quantify plant lipids, ranging up to full 'lipidomic' analyses, has revealed diverse roles for lipids in plant responses to stress, including heat tolerance (Grover et al. 2000, Larkindale and Huang Abbreviations -DAGs, diacylglycerols; DGDG, digalactosyldiacylglycerol; MGMG, monogalactosyldiacylglycerol; PA, phosphatidic acid; PAR, photosynthetically active radiation; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; PSI, photosystem I; TAGs, triacylglycerols. Higashi et al. 2015) , post-freezing recovery (Welti et al. 2002 , Li et al. 2008 , desiccation , mechanical wounding responses (Buseman et al. 2006 , Vu et al. 2014 ) and nutrient deficiencies (Hartel et al. 2000 , Li et al. 2006 . Development of mass spectrometry for high-throughput lipid analysis has been integral to these discoveries (Welti et al. 2007) . Accordingly, novel lipid species are still being routinely discovered, often with unknown roles (Garrett et al. 2009 , Okazaki et al. 2013 , Bogdanov et al. 2016 . Analytical techniques have advanced to the point where it is now possible to test hypotheses about how different classes of lipids respond to and regulate stress responses of plants. Here, we test the hypothesis that increased production of triacylglycerols (TAGs) in leaves of water-stressed plants is a mechanism for dissipating excess radiation energy.
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Plant leaves only require a fraction of the energy in full sunlight (5-10%) to achieve light saturation of photosynthesis (Long et al. 1994 , Ort 2001 , and dissipation of excess light energy is necessary to prevent photoinhibition. Broadly defined, photoinhibition is the decrease in the intrinsic light-limited or light-saturated rate of photosynthesis as a result of exposure to excess light (Kok 1956) . Many studies support the generalization that photoinhibition has flow-on negative effects on plant growth (Ögren and Sjöström 1990 , Farage and Long 1991 , Long et al. 1994 , Losciale et al. 2010 , Raven 2011 , Reynolds et al. 2012 . These effects stem from damage to the photosynthetic machinery, primarily the D1 protein of photosystem II (PSII), if excess absorbed energy is not continuously dissipated (Takahashi and Badger 2011) . A number of known photoprotective mechanisms help plants avoid oxidative stress: (1) chloroplast or leaf movement (Gamon and Pearcy 1989 , Brugnoli and Björkman 1992 , Long et al. 1994 ), (2) increased reflectivity of leaves (e.g. trichomes; Pierce 2007 , Camarero et al. 2012 or accumulation of cuticle waxes or UV-screening compounds (e.g. phenolics) in the epidermis (Balakumar et al. 1993 , Robinson et al. 1993 , (3) dissipation of energy as heat (i.e. non-photochemical quenching, NPQ; Demmig et al. 1987 , Bilger and Björkman 1990 , Demmig-Adams and Adams 1992 , (4) maintenance of energy utilization via photorespiration (Takahashi and Badger 2011) and (5) formation of enzymes, antioxidants and carotenoids that scavenge reactive oxygen species from cells (Havaux and Niyogi 1999, Asada 2006) . Nonetheless, the relative importance of these different mechanisms for avoidance of oxidative stress is neither well defined nor understood, particularly for plants with a limited capacity (i.e. those exposed to nutrient deficiency, hot/cold temperatures, water limitations or drought) to utilize excess energy for the production of biomass.
Another possible outlet for excess energy is enhanced production of energy-rich, reduced-carbon compounds. Lipid biosynthesis -both neutral lipids (e.g. diacylglycerols, DAGs and TAGs) and polar lipids (e.g. phosphoand galactolipids that comprise structural components of cell and organelle membranes) -requires about twice the energy of carbohydrate biosynthesis (Hu et al. 2008 , Solovchenko 2012 . Neutral storage lipids such as TAGs are accumulated as oil bodies in the cytoplasm of many algae species under nitrogen limitation (Spoehr and Milner 1949 , Shifrin and Chisholm 1981 , Thompson 1996 and excess light (Orcutt and Patterson 1974 , Sukenik et al. 1989 , Brown et al. 1996 . In fact, this stress response underpins the utilization of microalgae for biofuel energy production (Hu et al. 2008) .
Higher plants synthesize small amounts of TAGs in the endoplasmic reticulum, which then accumulate as lipid droplets in the cytosol (Chapman et al. 2013) or in chloroplasts where they accumulate as plastoglobules (Lippold et al. 2012) . Increasing concentrations of TAGs during drought stress has been demonstrated for desert shrubs such as palo verde (Parkinsonia aculeata, Benadjaoud et al. 2013) , forage grasses (Perlikowski et al. 2016 ) and a resurrection plant (Gasulla et al. 2013 ). Similarly, a number of studies have shown increasing concentrations of TAGs during drought stress of crop species such as corn (Douglas and Paleg 1981) , soybean (Martin et al. 1986 ) and cotton (Pham Thi et al. 1989) . In contrast to the membrane functions of polar lipids, the functional significance of TAGs in vegetative tissues is not well described, other than their role in energy storage. It has been suggested that lipid accumulation is associated with photosynthetic capacity (Lin and Oliver 2008, Perlikowski et al. 2016 ), but we lack even the most basic knowledge such as how light intensity affects lipids in higher plant leaves.
Here we report a greenhouse experiment combining drought and shade treatments to test responses of lipid biosynthesis across a diverse set of four plant species that differ in life form (trees vs grasses) and habitat (cultivated vs native Australian plants). Our objective was to determine if, across diverse plant species: (1) Lipid (including TAGs) concentration of leaves increases with drought, (2) TAG concentration decreases with shading and (3) total polar lipid concentration (associated with chloroplast membranes) increases in leaves under shading.
Materials and methods

Greenhouse experiment
Four study species were chosen, a native Australian species and a cultivated equivalent for each of two life forms: grass and tree (Table 1) . Seeds for all species were sown into 4.5 l pots containing commercial potting mix and fertilized with Osmocote (Scotts Australia, Bella Vista, Australia Nicholls, tagasaste] tree species were sown in August 2014 (5 months prior to measurements), seed for the indigenous grass (Austrodanthonia spp., wallaby grass) was sown in October 2014 (4 months prior to measurements), whilst seed for the cultivated grass (Triticum aestivum, common wheat var. Gregory) was sown in December 2014 (1 month prior to measurement). Individuals of C. palmensis were transferred into 14.5 l pots in December 2014.
Plants were grown in one of two greenhouses (I.A. Watson Grains Research Centre, University of Sydney, Narrabri, Australia), a full-sunlight chamber or a shade chamber (50% shade cloth), each containing two watering treatments (well-watered, i.e. watered daily to saturation vs drought, i.e. daily provision of 100 ml water) which were randomly assigned to pots. Both shade and drought treatments were initiated mid-November 2014 (2 months prior to measurements) for all species except T. aestivum, where drought was initiated in February 2015 (1 month prior to measurements). Thus, our full-factorial experiment consisted of four treatments: full-sunlight/well-watered (control), full-sunlight/drought (drought), shade/well-watered (shade) and shade/drought (shade + drought). Shading reduced midday (12:00-14:00 h) photosynthetically active radiation (PAR) by an average of 25% on the sampling days (21-31 January, 1-4 March; Fig. S1 , Supporting Information). The maximum PAR was 1600 μmol m −2 s −1 inside the full-sunlight greenhouse and 960 μmol m −2 s −1 inside the shaded greenhouse. Total midday PAR was approximately 100 μmol m −2 s −1 dimmer in March than in January. Chamber temperature was maintained at 25:17 ∘ C (day:night) with a daylength of 11 h for the duration of the experiment (October 2014 -March 2015 . Chamber relative humidity was controlled at 70-100%, which led to variations in midday vapor pressure deficit of 1.5-3.5 kPa.
Four uniform replicates per species per treatment were selected from the seven replicates that were initially sown; the same replicates were sampled for all analyses. Destructive harvests were performed on 11-13 February 2015 for all species except T. aestivum, which was harvested on 4 March 2015. For biomass measurements, each plant was separated into leaves, stems (for woody species), and roots and oven-dried at 60 ∘ C to constant mass. Specific leaf area (m 2 g −1 ) was determined for 1-5 leaves per species. Leaf area of C. palmensis, E. microcarpa and T. aestivum was measured using a portable leaf area meter (LI-3050C, LI-COR, Lincoln, NE); leaf length and width of the thin, rolled Austrodanthonia leaves were measured using calipers.
Gas exchange physiology and chlorophyll fluorescence
To understand how shading and drought affected the physiology of each plant species, we measured (1) instantaneous gas exchange rates, (2) the response of photosynthesis to irradiance and (3) chlorophyll fluorescence. Maximum CO 2 assimilation (A max ), photosynthetic rate under saturating light (A sat ) and dark respiration (R dark ) was determined using a portable infrared gas analyzer (LI-6400XT, LI-COR) equipped with a fluorometer chamber (6400-40, LI-COR). Measurement of A max was performed on sunny days (09:00 to 15:00 h) on fully developed leaves, which were enclosed in the cuvette at greenhouse temperature (T leaf = 26-30 ∘ C) and vapor pressure deficit (VPD leaf = 1.1-2.3 kPa), under saturating light (PAR = 2000 μmol m −2 s −1 ) and CO 2 concentration (2000 ppm). Measurement of A sat was performed from 09:00 to 15:00 h on the same leaves as A max , under the same temperature, vapor pressure deficit and PAR (2000 μmol m −2 s −1 ) but at ambient CO 2 concentration (420 ppm). Measurement of R dark was performed at night (22:00 to 02:00 h) on fully developed leaves, which were enclosed in the cuvette at greenhouse temperature (T leaf = 17-18 ∘ C), vapor pressure deficit (VPD leaf = 0.5-0.9 kPa) and CO 2 concentration (420 ppm). After CO 2 flux inside the cuvette stabilized, measurements of A max , A sat and R dark were logged every 5 s for 1 min and averaged.
The response of net CO 2 assimilation (A n ) to varying light intensities was measured on fully developed leaves (n = 4 per treatment) using a portable infrared gas analyzer (LI-6400XT, LI-COR) equipped with a fluorometer chamber (6400-40, LI-COR). These light curves were obtained at greenhouse temperature (T leaf = 22-30 ∘ C), vapor pressure deficit (VPD leaf = 0.7-2.2 kPa) and CO 2 concentration (420 ppm). After photosynthesis stabilized under saturating light (2000 μmol m −2 s −1 ), the irradiance was decreased stepwise from 2000 to 2 μmol m −2 s −1 with a total of 13 points per light curve. Rates of photosynthesis were recorded after 1 min at each irradiance. The light compensation point (I comp ), light saturation point (I max ) and apparent quantum yield (Φ) for each curve were estimated using the Prioul and Chartier (1977) non-rectangular hyperbola-based model, as described by Lobo et al. (2013) . All gas exchange measurements were made on 21-31 January for E. microcarpa, C. palmensis and Austrodanthonia spp. or 1-4 March 2015 for T. aestivum. Because the small leaves of C. palmensis did not completely fill the cuvette, leaf area of each replicate was estimated from digital photos using IMAGEJ software (Schneider et al. 2012) .
Maximum quantum yield of PSII (F v :F m ), efficiency of heat dissipation (i.e. non-photochemical quenching, Table 1 . Characteristics of the four plant species measured in this study. Tolerance/intolerance of the level of shading and drought in this experiment is indicated, as inferred from treatment impacts on growth (see Fig. 1 ).
Species
Habitat (Nichol et al. 2012 ). First, one fully developed leaf was dark-adapted for at least 20 min before measurement of maximum fluorescence (F m ). A second, light-adapted leaf was inserted into the chamber under saturating PAR (2000 μmol m −2 s −1 ) for measurement of steady-state fluorescence (F s ) and maximum fluorescence in the light (F ′ m ). A rectangular saturating flash of approximately 8000 μmol m −2 s −1 for 1 s duration was used.
Leaf reflectance and chlorophyll concentration index
Adaxial reflectance spectra of leaves were taken in the spectral range between 200 and 1000 nm with a spectral resolution of 0.5 nm with a spectrophotometer (Jaz Spectroclip, Ocean Optics, Dunedin, FL) equipped with an integrating sphere. Leaf reflectance spectra were recorded against a WS-1 diffuse reflectance standard. Leaves of E. microcarpa, C. palmensis and Austrodanthonia spp. were measured on 23 January, and T. aestivum was measured on 1 March 2015. Total chlorophyll content of leaves was estimated using the two-band model described by Gitelson et al. (2006) :
where R 540-560 is mean reflectance from a green band (540-560 nm) and R 760-800 is mean reflectance from a near infrared band (760-800 nm). This chlorophyll index is positively and linearly related to total chlorophylls in leaves of many tree and crop species (Gitelson et al. 2003 (Gitelson et al. , 2006 .
Lipid extraction from plant leaves
Leaves were collected at midday (11:00-14:00 h) on 25 January for E. microcarpa, C. palmensis and Austrodanthonia spp. or 4 March 2015 for T. aestivum and immediately frozen in liquid nitrogen. Total lipids were extracted according to Welti et al. (2002) , but several modifications were required for the sclerophyllous E. microcarpa leaves. To confirm that these modifications to the extraction protocol increased polar lipid yield from leaves of native Australian plants, we compared lipid concentration from a 2-day extraction to the 9-day extraction used in this study (n = 10 trees, Table S1 ). This test revealed that a longer extraction time increased polar lipid yield by 27-77% for most Eucalyptus and Acacia trees (Table S1 ). Frozen leaf sections were ground into small leaf pieces in liquid nitrogen and transferred to 3 ml of isopropanol with 0.01% butylated hydroxytoluene (BHT) at 75 ∘ C. After incubation for 15 min, 1.5 ml of chloroform and 0.6 ml of water were added to each sample tube. The tubes were shaken for 1 h and then rested overnight at −80 ∘ C, followed by removal of the lipid extract. Over the next week, the leaves were re-extracted with 4 ml of chloroform/methanol (2:1) with 0.01% BHT three times and then with 4 ml of methanol/chloroform (2:1) with 0.01% BHT four times with overnight agitation each time. This 9-day extended extraction protocol was required to produce a white appearance in the thick Eucalyptus leaf pieces. The combined extracts (approximately 33 ml) were evaporated under nitrogen to 5 ml at 40 ∘ C, then washed with 4 ml of chloroform and 1 ml of water and rested overnight. After discarding the upper-phase wash, the lipid extract was evaporated to 2 ml and stored at −80 ∘ C. Leaf tissue was dried for 48 h at 60 ∘ C to obtain dry weight, which ranged from 10 to 125 mg. For shipping, the solvent was evaporated completely under nitrogen and re-dissolved in 1 ml chloroform for analysis. Kansas Lipidomics Research Center Analytical Laboratory (Kansas State University, https://www.k-state.edu/ lipid). The molecular species of polar lipids were defined by the presence of a head-group fragment and the mass of the ion from the intact lipid, which is determined by the total acyl carbons and acyl carbon-carbon double bonds (Welti et al. 2002 , Xiao et al. 2010 . To accurately quantify polar lipids at the level of class, galactolipids (monogalactosyldiacylglycerol, MGMG; digalactosyldiacylglycerol, DGDG) and phospholipids (phosphatidylglycerol, PG; phosphatidylcholine, PC; phosphatidylethanolamine, PE; phosphatidylinositol, PI; phosphatidylserine, PS; phosphatidic acid, PA) in each class were compared with two internal standards, as has been described previously (Welti et al. 2002 , Xiao et al. 2010 ). Analysis of mass spectra involved background subtraction, smoothing, integration and comparison of sample peaks with those of the internal standard using Analyst Software (v1.6, SCIEX). Limits of detection (0.002 nmol mg −1 ) and coefficients of variation (0.3) were used to remove poorly analyzed lipids from analyses. The data were normalized to the internal standard and to the dry weight of the sample, such that lipids can be expressed in units of nanomoles per milligram. Neutral lipids (DAGs, TAGs) were quantified in a manner similar to the polar lipids. The TAG species were defined by the presence of one fatty acyl fragment and the mass of the ion formed from the intact lipid (Lee et al. 2011) . This allows identification of one TAG acyl species, total acyl carbons and total number of acyl double bonds in the other two chains, but does not allow identification of positions of acyl chains on the glycerol. Unlike classes of polar lipids, the mass spectral responses of individual TAG species are variable due to differential ionization and were repetitively scanned. Analysis of mass spectra involved background subtraction, smoothing, integration and comparison of sample peaks with those of the internal standard using Analyst Software (v1.6, SCIEX). Limits of detection (0.002 nmol mg −1 ) and coefficients of variation (0.3) were used to remove poorly analyzed lipids from analyses. To allow direct comparison of TAG species with polar lipids, the data were normalized to the internal standard such that 1 U equals the signal of 1 nmol of internal standard (tri17: 1). Data were also normalized to the dry weight of the sample, and DAGs and TAGs were expressed in units of normalized signal per milligram.
Polar and neutral lipid analyses
Leaf energy content
For determination of leaf energy content, leaves of E. microcarpa, C. palmensis and Austrodanthonia spp. were collected on 11 February and on 4 March 2015 for T. aestivum. Leaves were oven-dried at 60 ∘ C for 48 h and ground to a fine powder in liquid nitrogen. The heat of combustion was measured on 0.7-0.8 g of ground leaf tissue using an oxygen bomb calorimeter (Parr 6400 Calorimeter, Parr Instrument Company, Moline, IL) and was expressed relative to the heat obtained during initial standardization using approximately 1 g of benzoic acid.
Statistical analyses
The effect of shading and drought was determined by using full-factorial, mixed-model analyses of variance (ANOVAs) with species and treatment as the main effects. Species was analyzed as a random effect, and treatment (Shoemaker et al. 1974 ) was performed on the replicates of the total amount of each lipid class, and outliers were removed. To test if leaf energy content, photosynthesis and indicators of plant stress (i.e. F v :F m , NPQ) were correlated with lipid concentration, we used ordinary least squares regression. All data were tested for normality with the Shapiro and Wilk's test; R dark , I comp , NPQ, lipid concentrations and biomass measurements were ln-transformed to achieve normality. Analyses were performed using JMP 11.0 (SAS Institute, Cary, NC). Means were considered significantly different at P ≤ 0.05.
Results
Both drought and shading treatments were effective in modifying plant biomass and physiology among our study species. Leaf biomass of droughted plants reached only about 60% that of control plants (Fig. 1) , and drought reduced light-saturated photosynthetic rates by approximately 30% (Table 3 ). In addition, drought reduced the photosynthetic light saturation point by about 20% (Table 2) . Shading decreased average plant biomass by over 20 g, whilst respiration, efficiency of PSII and the photosynthetic light compensation point of shade-grown plants were all 30% less than that of control plants (Tables 2 and 3 , Fig. 1 ). Control plants had the highest biomass of all treatments (Fig. 1 ), but may have suffered slightly from overwatering, given their non-significant tendency for lower maximum quantum yield relative to droughted plants ( Fig. 2A) . Several lines of evidence indicate that un-shaded plants experienced mild photoinhibition; the 'full-sunlight' treatment produced a significant, albeit small decrease in maximum quantum yield of plants, relative to the 'shade' treatment (F v :F m = 0.81 vs 0.83, respectively; Fig. 2A ). High rates of non-photochemical quenching (>2) were measured in nearly half of all study plants (i.e. 29/64 plants), although neither drought nor shading resulted in significantly increased NPQ when analyzed across all species (Fig. 2B ). Despite these general responses across species, there was considerable variation in tolerance of shading and drought. There were significant species × treatment interactions for nearly every gas exchange (I max , R dark , Φ PSII , A max , NPQ, F v :F m , but not A sat , I comp ) and growth parameter (total, leaf and stem biomass, but not root biomass; Table 4 ). Two of the four study species exhibited shade-tolerant responses; shading did not affect total biomass or photosynthetic rate of Austrodanthonia or Chamaecytisus (Figs 1 and S2) . Chamaecytisus was more tolerant of drought than other species, showing no decrease in growth (see responses of leaf, stem and root biomass; Fig. 1 ). The grass Austrodanthonia was less drought-tolerant (31-40 g leaf biomass under drought vs 49-57 g when well-watered; Fig. 1 ) and showed clear signs of photoinhibition (F v :F m = 0.78 under shade vs 0.81 under full-sun; Fig. 2A ( Fig. 1) , and both Eucalyptus and Triticum were susceptible to drought (see Figs 1 and S2) . Full-sun, droughted Eucalyptus plants exhibited high non-photochemical quenching (2.34 vs 1.66 for shaded, droughted plants; Fig. 2B ).
Drought effects on leaf lipids
Across all species, drought decreased concentrations of TAGs in leaves by nearly 40% (Fig. 3B) , but had no effect on DAGs (Fig. 3A) or total polar lipids ( Fig. 5 ). Concentrations of neutral storage lipids varied among plant species; leaves of Austrodanthonia and Chamaecytisus were richer in DAGs and TAGs than those of Eucalyptus and Triticum (Fig. 3) . Only leaves of Triticum showed reduced concentrations of TAGs during drought (Fig. 3B) . Non-photochemical quenching, an indicator of photoinhibition, was positively correlated to TAG concentrations in leaves (Fig. 4A) . Similarly, TAG concentrations were negatively correlated to F v :F m (Fig. 4B) and to photosynthetic capacity (Fig. S4 ). Responses of specific TAGs (based on their fatty acyl group) were consistent with responses observed for total TAGs; drought-reduced concentrations of TAG species defined as 16:0, 18:0, 18:2 and 18:3 (Fig. S3 ). There was no effect of drought on 18:1 TAGs (Fig. S3 ).
Shading effects on leaf lipids
Shading increased total concentrations of polar lipids in leaves by nearly 30% (Fig. 5) , but had no effect on concentrations of neutral lipids (Fig. 3) . Total concentrations of polar lipids were greatest in Triticum, compared with the other three species (Fig. 5) . In considering individual responses of our study species, shading only significantly increased total polar lipids of Austrodanthonia (Fig. 5) . Total concentrations of polar lipids in leaves were positively related to chlorophyll index (Fig. 6 ) and thus chlorophyll concentration. Shading increased galactolipids by 33-37% ( Fig. 7A ) and decreased the ratio of DGDG:MGDG (Fig. 7B ). Shading also had dramatic effects on some phospholipid classes. For example, shading increased PG by 80%, PI by 17% and PA by 102% (Fig. 7C ), but did not affect concentrations of PC, PE, PS (Fig. 7C ) or the ratio of PC:PE (F 3,44 = 2.18, P = 0.104; data not shown). Increases in phospholipids with shading were found in both the grass species, but not in the tree species (Table S2 ). The energy content of plant leaves was positively correlated with total polar lipid concentration (Fig. S5 ), but this trait was a poor indicator for leaf lipid concentration, as it only explained 14% of variation in polar lipids.
Discussion
Four diverse plant species spanning a range of droughtand shade-tolerance (Table 1) were exposed to moderate levels of drought and shading in this experiment. To test our hypothesis that production of TAGs in leaves of water-stressed plants is a mechanism for dissipating excess radiation energy, we expected that TAG concentration of leaves would (1) increase with drought and (2) decrease with shading. Instead, we observed a 40% decrease in TAGs of leaves under drought and no effect of shading on TAG concentration (Fig. 3B ). While these results do not match our expectation, we observed that high TAG accumulation in leaves corresponded to higher rates of non-photochemical quenching and reduced maximum quantum yield of PSII (F v :F m ; Fig. 4 ). This suggests that plants under oxidative stress may increase biosynthesis of TAGs, in support of our main hypothesis. Accumulation of TAGs did not follow photosynthetic capacity (Fig. S4) , as has been previously suggested (Lin and Oliver 2008, Perlikowski et al. 2016 ). Concentration of TAGs changes diurnally (greatest during the day, least at night) and seasonally (greatest in the second half of the growing season) for crabapple (Malus sp.; Lin and Oliver 2008) ; both patterns support our hypothesis that accumulation of TAGs is a mechanism for dissipation of excess radiation energy in leaves. Synthesis of a typical TAG requires 993 kJ energy per unit carbon and thus uses 53% more energy than for synthesis of storage carbohydrate (650 kJ C −1 , Subramanian et al. 2013). The weak overall response of TAGs in our experiment (Fig. 3B ) seems most likely due to reduction in light intensity within the greenhouse (i.e. maximum PAR = 1600 μmol m −2 s −1 ) compared with full sunlight. Despite high rates of energy dissipation as heat, all plants in this experiment had predawn F v :F m greater than 0.77, indicating only mild photoinhibition (Lawlor and Tezara 2009 , Valladares and Pearcy 2002 , Nichol et al. 2012 ). This light level was insufficient to induce strong photoinhibition and thus substantial increases in TAG biosynthesis. Further research is required to determine if TAGs serve a photoprotective function in plant leaves.
Role of neutral lipids in plant leaves under drought
In plant leaves, DAGs are mostly transient building blocks for synthesis of other lipids, including TAGs, phospho-and galactolipids (Cagliari et al. 2011) . Severe drought has been reported to enhance synthesis of TAGs from DAGs (Gasulla et al. 2013 , Perlikowski et al. 2016 , which has been associated with stabilization of membranes during dehydration (Gasulla et al. 2013) . Increased membrane stability could be facilitated by (1) the conical shape of DAG molecules rendering membranes less stable (Goni and Alonso 1999) , and/or (2) TAG oil bodies absorbing excess membrane lipids that form as cells shrink during dehydration (Gasulla et al. 2013) . Not all species may be capable of this conversion process. For example, neither desiccation-sensitive Arabidopsis and Lindernia subracemosa, nor desiccation-tolerant Lindernia brevidens and Paraisometrum mileense, showed any change in DAG/TAG concentrations during dehydration (Gasulla et al. 2013 ). While we observed no effect of moderate drought on concentrations of DAGs (Fig. 3A) , further research is needed to determine if our study species are capable of converting DAGs to TAGs under more severe drought. The literature contains numerous examples of increasing TAG concentrations under severe drought conditions (Douglas and Paleg 1981 , Martin et al. 1986 , Pham Thi et al. 1989 , Benadjaoud et al. 2013 , Gasulla et al. 2013 , Perlikowski et al. 2016 . For example, large increases (125%) in TAGs were observed in desiccated leaves of palo verde (Parkinsonia aculeate; Benadjaoud et al. 2013) . Here, we found that moderate drought decreased concentrations of all TAG molecular species (Fig. S3 ), as well as overall TAG concentrations of leaves by nearly 40% (Fig. 3B) . Nearly all previous studies have examined plant responses to the onset of dehydration (i.e. no watering for days or weeks), rather than during sustained moderate drought stress. In the study by Perlikowski et al. (2016) , a gradual drought stimulated TAG accumulation in only one of two genotypes of forage grass (Lolium-Festuca hybrids) after 11 days, corresponding to a soil water concentration of only 3% of field capacity. Our finding that TAG concentrations decline with drought ( Fig. 3B) , at least initially, argues in support of inhibition of TAG biosynthesis and/or degradation of neutral storage lipids. Degradation of foliar TAGs may represent an early adaptive response to water deficit in drought-sensitive plants, that is then followed by accumulation of TAGs as water deficit becomes more severe (e.g. Perlikowski et al. 2016) . Despite decades of research, the functional role of neutral lipids remains unclear. A difficulty in comparing TAG concentrations across studies is the lack of standard protocols for lipid extractions from plant leaves. Methods originally described by Folch et al. (1957) and Bligh and Dyer (1959) are widely used, but are often modified (Booij and Vandenberg 1994 , De Boer 1988 , Smedes and Askland 1999 . The lipid extraction protocol developed for this study requires a longer extraction time than previously described methods (e.g. Welti et al. 2002) , but is suitable for thick, long-lived leaves of native Australian trees (e.g. Eucalyptus, Acacia species, Table S1 ). The method-dependence of lipid data for plant leaves has been well recognized (Roose and Smedes 1996) , and comparisons across studies are thus necessarily relative and not absolute (Furse et al. 2015) . A standardization of extraction method would facilitate comparisons across studies.
Effect of shading on polar lipids in plant leaves
Shading increased overall polar lipid concentrations (Fig. 5 ), especially concentrations of the two galactolipids, MGDG and DGDG (and their precursor PA), and the phospholipid PG (Fig. 7) . All are essential components of chloroplast membranes (Fuller and Nas 1987 , Sato et al. 2000 , Dubots et al. 2012 ). These changes confirmed our hypothesis that leaves contain more polar lipids when formed in the shade (Fig. 5 ). Structural and chemical alterations that accompany shade-acclimation of chloroplasts include development of larger granal stacks, proliferation of thylakoid membranes and PSII complexes, and increased concentration of chlorophyll b (Lambers et al. 2008) . We estimated chlorophyll concentrations of leaves to confirm that shaded leaves with high polar lipid concentrations contain more chlorophyll (Fig. 6) . The capacity to modify chloroplast physiology, and accompanying polar lipid profiles, facilitated a photosynthetic response to shade in our study species -the light compensation point, photosynthetic rate and respiration rate were all diminished when plants were grown under shade (Tables 2 and 3) .
A novel result reported here is the increase in polar lipid concentrations (MGDG, PG, PC, PI, PA) in response to shade by the native Australian grass, Austrodanthonia (Fig. 5 , Table S2 ). We could find only a single previous study that examined the response of leaf lipids to shading. This previous study reported that polar lipid concentration (per unit leaf mass) of upper canopy leaves was not sensitive to shading in soybean (Burkey et al. 1997) . The substantial investment in total polar lipids under shaded conditions (57% greater than the control) by the shade-tolerant Austrodanthonia was accompanied by greater leaf biomass ( Fig. 1B) and reduced photoinhibition ( Fig. 2A) .
Polar lipid profiles in leaves produced under shade differed from those produced in the sun, with resources preferentially allocated to MGDG over DGDG (i.e. reduced DGDG:MGDG ratio; Fig. 7B ). Production of the unsaturated polar lipid MGDG (Gounaris and Barber 1983) appears more aligned with stress than DGDG (Pham Thi et al. 1989 , Gigon et al. 2004 , allowing for increased fluidity of the thylakoid membrane bilayer (Gounaris and Barber 1983, Dörmann and Benning 2002) . Maintaining fluidity may be more important for shade leaves due to the greater number of granal stacks and PSII that are physically separated from PSI. Interaction between PSI, located in the non-appressed regions of the thylakoid membrane, and PSII, located in the appressed regions, is required for the photochemical reactions of photosynthesis (Lambers et al. 2008 ). The phospholipid PG increased with shading in both grass species (Table S2 ). This minor lipid component is important in stabilizing the trimeric form of light-harvesting complex II (LHCII, Standfuss et al. 2005) and the dimeric form of PSII (Kruse et al. 2000) in thylakoid membranes. In Arabidopsis thaliana mutants deficient in PG, thylakoid membranes do not develop into a granum structure (Hagio et al. 2002 ). High concentrations of PG may allow for increased rates of electron transfer (Kim et al. 2007 ) in shade-adapted leaves and/or disaggregation of the LHCII (Schaller et al. 
2011)
, leading to increased energy transfer from PSII to PSI (Apostolova et al. 2006) . We have shown that shading increases foliar polar lipid concentration and the degree of unsaturation of thylakoid membranes, which appears to be a common response in shade-tolerant plant species. 
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Additional Supporting Information may be found in the online version of this article: Table S1 . Comparison of total polar lipid concentrations from a 2-day extraction vs a 9-day extraction (used in this study). Table S2 . The effect of shading and drought on polar lipid classes of galactolipids, represented by monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) and phospholipids, represented by phosphatidylglycerol (PG), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS) and phosphatidic acid (PA), in leaves of four study species. 
